Abstract. In this paper, the increase of the effective thermal conductivity of paraffin based heat sinks is investigated by making use of cellular metallic matrixes with open cells which are introduced in the thermal low conductive paraffin wax. Lattice Monte Carlo analyses are conducted on different model geometries of such composites composed of a cellular matrixes and paraffin wax. The dependence of the effective thermal conductivity on the cell geometry and the metal foam matrix material is analysed. Furthermore, a diamond coating is simulated in order to estimate its influence on the effective thermal conductivity.
Introduction
Thermal management of electrical devices under cyclic temperature loading is important for proper operation of the devices and for thermal safety. Various phase change materials (PCM) can be used for thermal energy storage in the design of the passive heat sinks. A commonly chosen PCM is paraffin wax which is one of the most efficient materials for thermal energy storage at operating temperatures less than 100 C. However, paraffin exhibits a low thermal conductivity (0.21 W/(m·K) [1] ) at room temperature. This low thermal conductivity limits the performance of the thermal management systems, since thermal energy can only be slowly transferred into the heat sink. Accordingly, research (e.g. [2, 3] ) on the enhancement of the thermal conductivity using fins, honeycombs and porous media has been conducted. Mettawee and Assassa [1] enhanced the thermal conductivity of paraffin wax by adding aluminum powder. However, the embedded aluminium powder formed no interconnected matrix and the observed increase of conductivity was relatively low. Khateeb et al. [4, 5] investigated the use of aluminium foam matrixes (cf. Fig. 2 a) in paraffin to improve the performance of the passive thermal management system of batteries. Hong and Herling [6] carried on this concept and investigated the effects of geometric parameters of aluminum foams on the performance of aluminum foam-PCM heat sinks. Both groups [4] [5] [6] observed a significant increase of the effective thermal conductivity λ eff of the aluminium-PCM composites. Closely related approaches [3, 7, 8] addressed the increase of the thermal conductivity of heat sinks by introducing a graphite matrix instead of a metallic foam into the paraffin wax. 
Modelling
In this work, a Lattice Monte Carlo method is used to determine the effective thermal conductivity of cellular metals. In this method, the effective thermal conductivity is determined by evaluating the random walks of 'heat particles' that explore the geometry. The Lattice Monte Carlo method has already been successfully used to determine the thermal conductivities of many composite porous structures; see, for example, [9, 10] . The cellular metallic matrixes are represented by cubic-symmetrical model geometries. Fig. 1 shows one eighth of the unit cell of each structure. The voids in the models are occupied by the PCM paraffin. The Monte Carlo Lattices comprise the whole unit cell and periodic boundary conditions are defined on all surfaces of the unit cells. Accordingly, infinite structures without the influence of free surfaces are simulated. It should be mentioned here that Fig. 1 displays only schematic representations of the analysed geometries whose volume fractions V M of the metallic matrix are not constant. The Monte Carlo lattices exhibit all the same volume fraction of the metallic matrix V M = 8%. It has already been shown elsewhere (e.g. [11] ) that the thermal conductivity of cellular metal increases with the volume fraction of the metallic matrix. In order to investigate the enhancement of the thermal conductivity by diamond coating which can be applied e.g. by chemical vapor deposition (CVD)), a second set of Monte Carlo lattices is generated where a diamond coating with the constant thickness t c = 0.02 l u (l u is the side length of the cubical unit cells) is deposited on the free surfaces of the models. Due to its closed porosity, the closed cube is not considered in these analyses. Since the area of the free surfaces varies with the geometry, also the volume fractions of the coatings change: Table 1 Volume Fractions of coated model geometries. Table 2 shows the thermal conductivities of the considered base materials. It can be observed that the two metals, i.e. aluminium and copper, exhibit a distinctly higher thermal conductivity than the phase change material paraffin. The thermal conductivity of the CVD diamond refers to coatings with a thickness between 0.3 and 0.6 mm and low concentrations of bonded hydrogen [13] .
Aluminium (Al) [1] Copper (Co) [12] CVD diamond [13] Paraffin (PCM) Thermal conductivities of the base materials.
Results and Discussion Figure 3 shows the result of the Lattice Monte Carlo analyses for the metal-PCM compounds. A strong dependence on the geometry can be found. Experimental data of the effective thermal conductivity of aluminium foams with similar volume fractions (V M ≈ 9 %) is 6.7 W/(m·K) for air-
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filled structures and 7.6 W/(m·K) for water-filled structures [14] . These values lie approximately in the middle of the range of the results of the Lattice Monte Carlo analysis. The minimum effective thermal conductivities are obtained for the perforated cube (cf. Fig. 1 a) ). A possible explanation is the metallic matrix concentrations in the corners of the unit cell which are connected only by thin rods. These thin rods act as bottlenecks to the thermal flow. Distinct material concentrations and relatively low λ eff can also be found in the inverse f.c.c. structure (cf. Fig. 1e) ). In the case of the orthogonal cylinders (cf. Fig. 1b) ), the thicknesses of the metallic rots are constant and a higher effective thermal conductivity is obtained. However, the material is located at the edges of the unit cell and 'heat particles' in its centre need to diffuse a long distance before they reach the high conductive metallic phase. The inverse bcc structure (cf. Fig. 1d) ) shows no major material concentration and the material is distributed more homogeneously within the unit cell. Accordingly, this geometry exhibits the second highest thermal conductivity after the closed cube structure (cf. Fig. 1c) ). An increase of approximately 80% of the effective thermal conductivity of the composite heat sinks can be achieved by substituting the aluminium matrix (λ Al = 207 W/(m·K)) by a copper foam (λ Co = 380 W/(m·K)).
Figure 3
Effective thermal conductivities λ eff of metal-PCM composites.
Further increase of the effective thermal conductivity can be achieved by coating the cellular metallic matrixes with a highly thermal conducting CVD diamond film, cf. Table 3 Effective thermal conductivities of diamond coated copper-PCM composites in W/(m·K).
Defect and Diffusion Forum Vols. 273-276
Conclusions Lattice Monte Carlo analyses on the effective thermal conductivity of paraffin based heat sinks were performed. A clear increase of the effective thermal conductivity of paraffin after adding an aluminium cellular matrix could be shown. This effect can be enhanced by substituting the aluminium with a copper alloy of higher thermal conductivity. Furthermore, a dramatic increase of the effective thermal conductivity was found for the simulation of CVD diamond coated copper matrixes. In addition to the dependence on the material composition, a distinct influence of the cellular model geometry was observed. The maximum effective thermal conductivity was found for the diamond coated f.c.c. structure which exceeds the value of pure paraffin by a factor of about 500.
